Background and purpose B-mode measurement of the carotid intima-media (IM) thickness (T) based on manual tracing (MT) procedures are dependent on the subjectivity of the reader and the existing automatic tracing procedures often fail to detect the IM boundaries accurately. The purpose of this study was to compare the tracing results of the IM boundaries of the carotid wall with a new automatic identi®cation (AI) procedure, based on an active contour model, and computer-assisted manual tracing (MT). Methods The detection of the IM boundaries was performed with both procedures in 126 ultrasound images [63 each of the common carotid artery (CCA) and carotid bulb] along the far wall of the distal CCA and the carotid bulb. Intra-and inter-reader variability for mean and maximum IMT with AI and MT and accuracy of identi®cation of both IM boundaries were evaluated. Results Using MT the intra-and inter-reader variability amounted to 0á01±0á03 and 0á03±0á07 mm, respectively. The variability was slightly higher in the carotid bulb than in the CCA. Using AI the variability was almost eliminated. Mean and maximum IMT were measured systematically lower by AI compared with MT in all regions by 0á01 mm. The accuracy of identi®cation was similar for both IM boundaries, but lower in the carotid bulb region than in the CCA.
Introduction
The intima-media thickness (IMT) of the carotid tree has been measured increasingly with B-mode ultrasound as an index of the atherosclerotic burden of the vascular system (Gibbons & Dzau, 1994; Howard et al., 1998; Greenland et al., 2000) , as a surrogate endpoint in clinical trials with interventions on the atherosclerotic progress (Byington et al., 1995) and as a powerful predictor of major cardiovascular disease (O'Leary et al., 1999) . The measurement of the IMT in research studies has been predominantly performed by well-trained readers with manual tracing procedures, and seems to be as good as automatic measurements. However, there remains a 11% of the total within-subject variability for each outcome measure of IMT performed with manual tracing (Espeland et al., 1996) . This is of importance because an increase in the variability of a single measurement accompanies the necessity of increasing the number of study subjects examined to achieve the same statistical power for detecting intervention effects. Thus, the development of automatic measurement procedures has an obvious attraction (Kanters et al., 1997; Hijmering et al., 1999) . Probably some of the most important demands for automatic measurement procedures are high accuracy (at least as good as an experienced reader), robustness against noise and extensive independence of manual correction in IM boundaries of different acoustic properties. However, the automated procedures existing so far do not ful®l these demands (Hijmering et al., 1999; Greenland et al., 2000) . With the intention of coming closer to the named demands, an active contour model (Kass et al., 1987) (also called snake) has been modi®ed for the measurement of the IMT (Cheng et al., 1999) . The purpose of the study was to evaluate the interand intra-reader variability of the new automatic identi®cation (AI) system for far wall IMT measurements in comparison with manual tracing (MT) in the region of the common carotid artery and carotid bulb, and to get an estimate of the absolute difference of AI and MT. In addition, a separate analysis of the accuracy for the identi®cation of the intimal and the adventitial boundaries was performed because of the different ultrasound properties of these boundaries.
Methods

Development and validation of the software
At the beginning 15 images of the CCA of high quality and smooth intimal surface (all from young subjects aged between 21 and 34 years) were taken to test the active contour programme to ®nd the intimal and adventitial boundary. This was done in direct co-operation with the computer scientist developing the software and an experienced ultrasonographer. The results of the AI programme were controlled by the sonographer, and the programme was adapted for visual reading. This was done several times until the AI was in the correct position, judged by a visual check conducted by an experienced physician. In a second step another 60 images with a wide range of quality were taken for further adaptation of the AI program.
These images had more challenging acoustic properties for an automatic IMT measurement procedure such as noises in the arterial lumen, irregularities of the intimal and adventitial boundary and different gain settings. In a second step several sonographic images from different modalities (ultrasound machines) were taken for further adaptation of the AI program. From our experiments, there are almost no adjustments on the AI program to process the sonographic images from different modalities. The program was then adapted again two to three times by two different experienced ultrasonographers until the results of the program could not be improved by visual control. After that another approximately 300 images were analysed with the AI system and in rare cases adaptation of the AI was necessary.
Ultrasound examination
After at least 15 min rest in the supine position the ultrasonic examinations of the right and left CCA and carotid bulb were performed. A Toshiba SSA-380A (Toshiba, Shimoishigami, Japan) ultrasound scanner with a high spatial resolution (0á1 mm) and digital beam former was used with a linear 10-MHz transducer and an aperture of 32 mm. The necks of the study subjects were turned slightly to the left or right side. The carotid tree was ®rst scanned with the transducer positioned at the lateral side of the neck in the cross-sectional axis and then rotated by 90°to achieve a longitudinal image of the carotid artery. The lumen of the CCA and carotid bulb were maximized in the longitudinal plane with an optimal image of the near and the far vessel wall. Typical double lines could be seen as the intima-media layer of the CCA. In the region of the carotid bulb partial loss of the typical double layer was present. The images were intermittently stored with the cine view function of the ultrasound system and directly afterwards an image was digitized on a digital disk (Sony DKR-700, Tokyo, Japan). The complete examination was recorded on a videotape in order to give assistance in the interpretation of the stored images if necessary.
The ultrasound examinations of the patients were approved by the Ethics Committee of the Freiburg University Hospital. All subjects gave their informed consent prior to the participation in the study.
Tracing and measurement of the IMT
For the AI and MT the IMT of the CCA far wall was de®ned as the distance from the luminal side of the intima de®ned as the beginning of the ®rst echogenic layer across a hypoechogenic zone lying in between to the beginning of the adventitia, the second echogenic layer. In the carotid bulb, the IMT was de®ned as the beginning of the ®rst echogenic layer across a mainly inhomogeneous zone to the beginning of the adventitia.
The MT was performed with the assistance of a computer on a digitizing pad (Intuos Graphic tablet A3, Wacom, Japan) with a pen holder (Intuos pen, Wacom, Japan) and magni®cation of the image, which allowed optimal tracing of the lumen intima and the media adventitial boundaries. The tracing was performed along a 1-cm segment of the CCA proximal to the beginning of the carotid bifurcation. In the carotid bifurcation the tracing was performed along the far carotid wall to the tip of the¯ow divider as long as the beginning of the intimal and the adventitial layer could be de®ned visually and suf®-ciently well for manual tracing. On an average, the tracing in the carotid bulb was performed along a 0á68-cm wall segment. IM regions, where the IM boundaries could not be traced manually without interpolation because of big echo gaps in either the intimal or the adventitial boundary, were excluded from analysis. Carotid plaques or stenotic areas were only excluded from the analysis if the intimal or adventitial boundaries could not be de®ned visually.
In the digitizing pad every pixel served as a measurement point so that 100, 104 or 111 measurement points (depending on the magni®cation of the image) were assessed in the selected region per cm traced.
For AI with the active contour program the ordinate was positioned near the lumen intima boundary. Then it was possible to perform the AI of the IMT immediately afterwards or store the starting and endpoints for later analysis; the option for a sequential analysis was programmed to save time.
The identi®cation of the initial contour of the intimal surface started from a given point above the intima in the arterial lumen. A vertical search was started to ®nd the intimal boundary of the far wall of the CCA and carotid bulb. Once obtained, the initial estimate for the contour was given as an initial of the snake to identify the whole area of interest of the intima. In order to suppress the in¯uence of noise, the gradient values and continuities of the intimal surface were taken into consideration. After the initial contour identi®cation had been conducted, a curve in extremely close proximity to the intimal layer could be detected. The results obtained from the intimal boundary were used as the initial curve, which gave the correct orientation to identify the adventitia. According to the general formula (1)
where E int (v) denotes the internal energy derived from the physical characteristics of a snake, and E ext (v)i s the external energy due to some relevant features such as gradient of intensities, the active contour model is equally suitable for the identi®cation of the intimal and adventitial boundaries (for further details see Cheng et al., 1999 Cheng et al., , 2001 ). The measurement results and the tracing lines were stored and could be reloaded together with the image for visual monitoring of the tracing border. The capability for manual correction was not installed in order to avoid highly varying manual interaction. Instead, a cut function for incorrectly traced sections was established to exclude them from the analysis. An example of an original tracing with the AI procedure of the IM boundaries in the region of the distal CCA is presented in Fig. 1 .
Evaluation of the AI program compared with the MT procedure
Sixty-three images of the CCA and 63 of the carotid bulb, which had not been used before, were traced in the evaluation procedure of AI and MT. The ultrasound images were taken from 39 consecutive outpatients overall (range 21±76 years, mean SD 54 12 years). Twenty-six of them had coronary artery disease and 13 had no known vascular disease. For the purpose of the study special care was taken to examine a wide range of intima-media thicknesses and thus different conditions of the echogeneity of the IM layers in order to make sure that the AI is able to identify the boundaries correctly despite noise in the layer, irregularities of the boundaries and echo gaps. These conditions were present in the study subjects examined. All ultrasound examinations were performed by the same sonographer.
For the assessment of the inter-reader variability of the MT and AI procedure, two experienced readers traced the lumen intima and the media adventitia boundaries once, using both the MT and the AI procedure. For the assessment of the intrareader variability, reader one traced the same images a second time after 3 months with the same method, using both the MT and the AI procedure. All tracings were performed whilst being unaware of the results of the tracing procedure for comparison. As described above incorrectly identi®ed wall segments (judged by visual monitoring) using AI were cut out and excluded from the analysis. The length of these wall segments was calculated.
To estimate the absolute differences between the AI and MT procedure and for the individual accuracy of the identi®cation of the intimal and adventitial boundaries because of their different ultrasound characteristics (inhomogeneity of the echo intensity, gradient and structure), one reader repeated the manual tracings of the carotid wall segments ®ve times (MT5´). The average of all ®ve measurements using MT was calculated. In order to evaluate only the reading differences between AI and MT and not the in¯uence of anatomical variations, the same wall sections were analysed by all procedures and by readers using the saved starting and endpoints on the abscissa from the ®rst MT of an image. The AI and MT tracing times were assessed for all images. Carotid intima-media thickness measurement using snakes A. 
Statistics
All data were calculated with the software program SPSS (Software Package for the Social Sciences) for Windows, Version 10á0. The arithmetic mean and the SEM of the methods and readers were used for the descriptive statistics. The correlation coef®cient (r) was used to describe the strength of the association. A Bland & Altman (1986) analysis was performed to describe the mean of the mean differences [mean (d )] between the methods and the readers. The agreement between the parameters was accepted if the upper and lower boundaries of the 95% con®dence interval for the mean of the mean differences [95% CI (mean), boundaries] covered zero.
For all different tests a P-value of <0á05 was considered to be signi®cant and of <0á01 highly signi®cant.
Results
The arithmetic mean and SEM of the parameters are shown in Tables 1 and 2 . Using the AI program the incorrectly identi®ed wall length amounted to 0á47 cm (0á44%) of the whole traced length. These sections were located predominantly at the starting point of the tracing lines in the CCA and the carotid bulb, when the echo intensity of the IM double layer (predominantly in the intimal region) was weak. They were cut out by the cut function of the program, and excluded from the analysis. For the remaining 99á56% correctly identi®ed wall length the inter-and intrareader variability of the IMT measurements in the region of the CCA and carotid bulb were almost zero. The intra-and inter-reader variability were markedly higher for the MT procedure within the range of 0á01±0á03 and 0á03±0á07 mm, respectively. The measurement variability was higher in the carotid bulb than in the CCA (Tables 3 and 4) .
The comparison between AI and MT5´revealed a small difference of 0á01 mm, with systematically higher values for the manual tracing ( Table 1) .
The identi®cation analysis of the intimal and adventitial boundaries showed a high degree of correlation (r) between the MT and AI procedure. The variability between MT5´and AI was similar within the same wall segment for both, the intimal and adventitial boundaries. It was 5±9 times higher in the carotid bulb and the highest for the adventitial boundary (Table 5) .
The average tracing time for all segments measured with AI was 25á43 á3 s and with MT 74á51 8 á2s .
Discussion
Manual tracing procedures for the measurement of IMT of the carotid wall segments has been used in several studies (O'Leary et al., 1991; Riley et al., 1992) . In our study, even the computer-assisted segmental MT (which itself seems to be best suited for the most reproducible measurements of the IMT) showed inter-reader variability for the measurement of the far wall of the distal CCA and the carotid bulb within the range of 0á03±0á07 mm, which is even Mean SEM for the mean and maximum (max) IMT (in mm), and correlation coef®cient (r) between the readers and procedures. Data are presented for the common carotid artery (CCA) and the carotid bulb, respectively (n = 63 images for each wall segment).
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Values are presented for the mean and maximum (max) IMT of the common carotid artery (CCA) and the carotid bulb, respectively (n = 63 images for each wall segment).
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Values are presented for the mean and maximum (max) IMT of the common carotid artery (CCA) and the carotid bulb, respectively (n = 63 images for each wall segment). 
Mean SEM for the mean and maximal (max) IMT (in mm), and correlation coef®cient (r) between the readers and procedures. Data are presented for the common carotid artery (CCA) and the carotid bulb, respectively (n = 63 images for each wall segment). Table 2 IMT measurements with automatic (AI) and manual (MT) tracing procedures performed two times by one reader.
Carotid intima-media thickness measurement using snakes A. more than or at least equivalent to the age-related increase of the carotid IMT in 1 year (Greenland et al., 2000) . Even the lower intra-reader variability reached or even exceeded the yearly age-related increase in the CCA IMT (Schmidt-Trucksa Èss et al., 1999) . The new AI procedure may largely eliminate the reading variability of MT. The inter-reader and to a lesser degree the intrareader variability of IMT measurements by MT were higher in the carotid bulb than in the CCA. The local differences were expected because with increasing carotid IMT the intimal and the adventitial boundaries become more irregular, and a partial reduction of the typical double contour of the IMT usually occurs. Moreover, the histological wall structure and, parallel to this, the ultrasound echoes of the wall show increasing inhomogeneities (Wada et al., 1994) . Thus the higher variability of MT in the region of the carotid bulb compared with the CCA, respectively, is not surprising. It should be stressed that the new AI system coped with these dif®culties in the ultrasound morphology. Moreover, increased noise in the subintimal region, which may mimic the adventitia and therefore may mislead the AI and which is a challenge for automatic programs, was solved by the presented AI procedure.
Special attention was given to the separate analysis of the intimal and adventitial boundaries. Pignoli et al. (1986) already found that the adventitial layer may be as irregular as the intimal one. This ultrasound ®nding still has to be proved by the direct comparison of ultrasound morphology and histological morphology. However, it received support from the histological examinations by Stary (1999) . He described disruptions of the media, irregular in®ltra-tions of cholesterol accumulations of the media into the adventitia and bulging of the media into the adventitia in the region of intimal thickening and plaques. Thus, an accurate identi®cation of both boundaries of the IM layer is necessary if the IMT is to be measured precisely. Our analysis showed a similar accuracy for the identi®cation of both boundaries in both carotid regions. However, the identi®-cation in the region of the carotid bulb was more dif®cult than in the CCA region, which explains the higher variance of the IMT measurement in the region of the carotid bulb.
The comparison of AI with repeated MT showed a systematically lower measurement of the IMT with AI in all carotid regions. This difference is around 0á01 mm and was not visible during the visual adaptation phase. The reason for this is not clear. One explanation may be that the threshold for visibility of the echo interface differs slightly between the human eye and the snake. However, the difference between AI and MT is systematic and thus will not have any in¯uence on studies using only one analysing system. Looking at previously presented studies examining the comparison between automatic and manual tracing, the comparison between manual tracing and automatic edge detection was performed by comparing the value of the average mean (Gustavsson et al., 1994; Adams et al., 1995; Wendelhag et al., 1997) or maximum (Wendelhag et al., 1997) IMT in the analysed wall sections only. By doing this, reading differences between the adventitial and intimal boundaries may be averaged out and are thus not visible. Although we cannot prove this assumption for the procedures existing so far (Touboul et al., 1992; Gustavsson et al., 1994; Selzer et al., 1994) some characteristics of these give rise to the assumption that the detection of the IM boundaries with those programs has some de®ciencies. If only the intensity gradient method (Touboul et al., 1992; Selzer et al., 1994) is used for identifying the IM boundaries in regions with small echo gaps of the boundaries, the outlining might be wrong, especially in regions with high IMT or plaques (Gustavsson et al., 1994) . The automatic procedure developed by Gustavsson et al. (1994) also takes the echo intensity and boundary continuity into consideration for the identi®cation of the IM boundaries and thus seems to be basically comparable with the presented system. In contrast to our AI program, they had to change the weight factors in their cost function if the echo characteristics of the lumen intima and the media adventitia boundary changed in order to avoid their being falsely identi®ed. Moreover, retraining of the system is generally needed when the ultrasound equipment is changed (Liang et al., 2000) . However, to date the direct comparison of the different methods for the identi®cation of the IM boundaries is still pending so that these assumptions are rather theoretical.
As a side-effect it should be mentioned (whilst looking at the practicability of a tracing procedure) that the average measurement time of the IMT in a single image of both carotid regions took about onethird of the time of doing the same by MT.
In conclusion, the AI program presented provides time-saving, accurate measurements of the IMT compared with computer-assisted MT in wall segments of the far wall of the CCA and of the carotid bulb, eliminating most of the reader associated variability of MT. With similar identi®cation quality of both boundaries and only slightly worse reproducibility in the carotid bulb compared with the CCA, the new automated program represents a clear improvement compared with manual tracing procedures and a competitive alternative to other automatic measurement procedures in the measurement of the IMT.
